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1

QUERYING A DATABASE WITH
MORPHOLOGY CRITERION

RELATED APPLICATION(S)

This application claims priority under 35 U.S.C. § 119 or

3635 to European, Application No. 16176763.77, filed Jun. 28,
2016. The entire teachings of the above application(s) are
incorporated herein by reference.

FIELD OF INVENTION

The 1mvention relates to the field of computer programs
and systems, and more specifically to a method, system and
program for querying a database that comprises 3D modeled
objects that each represent a mechanical part, and to such a
database.

BACKGROUND

A number of systems and programs are offered on the
market for the design, the engineering and the manufactur-
ing of objects. CAD 1s an acronym for Computer-Aided
Design, e.g. 1t relates to software solutions for designing an
object. CAE 1s an acronym for Computer-Aided Engineer-
ing, ¢.g. 1t relates to software solutions for simulating the
physical behavior of a future product. CAM 1s an acronym
tor Computer-Aided Manufacturing, e.g. it relates to sofit-
ware solutions for defining manufacturing processes and
operations. In such computer-aided design systems, the
graphical user interface plays an important role as regards
the efliciency of the techmique. These techniques may be
embedded within Product Lifecycle Management (PLM)
systems. PLM refers to a business strategy that helps com-
panies to share product data, apply common processes, and
leverage corporate knowledge for the development of prod-
ucts from conception to the end of their life, across the
concept of extended enterprise. The PLM solutions provided
by Dassault Systemes (under the trademarks CATIA, ENO-
VIA and DELMIA) provide an Engineering Hub, which
organizes product engineering knowledge, a Manufacturing
Hub, which manages manufacturing engineering knowl-
edge, and an Enterprise Hub which enables enterprise inte-
grations and connections into both the Engineering and
Manufacturing Hubs. All together the system delivers an
open object model linking products, processes, resources to
enable dynamic, knowledge-based product creation and
decision support that drives optimized product definition,
manufacturing preparation, production and service.

In this context, there 1s a need to search existing mechani-
cal parts 1n a database according to different criteria.

Searching parts 1n a database according to a predefined
criterion 1s often performed through three steps. The first
step 1s to compute and associate to each solid of the database
a so-called “‘signature” or “descriptor”. A signature 1s a
compact information that synthetizes a typical aspect of the
part. The second step 1s for the user to specily a request by
setting a signature. Typically, this signature can be the one
of a selected part and the goal may be to find similar parts
of the database. Also, the signature can be the one of a part
being designed and the goal 1s, again, to find similar parts of
the database. The third step 1s the searching step. It 1s for the
system to find parts of the database the signatures of which
correspond to the user-inputted signature. Signatures are
massively compared during this step.
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A signature may 1deally be designed to require a small
amount of memory, to be easy to compute and to be very

rapid to compare, and yet lead to a relevant result with a high
recall and a high precision.

Existing signatures for shape description are often based
on spherical functions. The following 1s a list of known
solutions that employ this framework:

document EP 2169567 A2;

Rotation Invariant Spherical Harmonic Representation of
3D Shape Descriptors, by M. Kazhdan, T. Funkhouser, and
S. Rusinkiewicz, Eurographics Symposium on Geometry
Processing (2003); and

Efficient 3D shape matching and retrieval using a concrete
radicalized spherical projection representation, by P.
Papadakas, I. Pratikakis, S. Perantonis, 1. Theoharis, Pattern
Recognition 40 (2007) 2437-24352.

Such radial-function-based shape descriptors are designed
to capture the overall shape of a solid, including topology
and relative proportions. They are known to be questionable
in the mechanical domain.

Therefore, for precise solid comparison, the signature
may sometimes include geometrical information closely
related to the boundary description of the solids. The fol-
lowing 1s a known solution that employs this framework:

document WO 2015/085435 Al.

In such geometry-based solutions, at least locally, similar
solids share the same shape and the same dimensions. This
can be restrictive, and also prohibitive 1 terms of memory
consumption and time of computations, due to the fact that
relatively heavy information (1.e. relatively precise geom-
etry) 1s stored and compared.

Thus, despite the existing literature, there 1s still a need for
improving the field of searching mechanical parts 1 a
database.

SUMMARY

It 1s therefore provided a computer-implemented method
for querying a database. The database comprises 3D mod-
cled objects that each represent a mechanical part. The
database further comprises, for each 3D modeled object, a
respective morphology signature. The method comprises
providing a query that includes a morphology criterion. The
method also comprises returning, as results of the query,
respective 3D modeled objects of the database. A respective
3D modeled object 1s returned based on an extent to which
the respective 3D modeled object has a morphology signa-
ture that respects the morphology criterion.

The method may comprise one or more of the following:

the morphology signature comprises, for each respective
one of a set of pairs of walls of the respective 3D modeled
object, a label representative of a relative orientation
between the two walls of the respective patr;

the labels form a clique graph over the walls of the set of
pairs of walls;

cach label of the morphology signature i1s representative
ol a relative orientation between at least substantially planar
walls;

cach label of the morphology signature 1s representative
of a relative orientation between thin walls;

cach label 1s determined within a predetermined finite set
of labels; and/or

cach wall 1s associated to a respective node that includes
a point and a respective normal vector, the label represen-
tative of the relative orientation between a wall associated to
a node (p,, n,) and a wall associated to a node (p,, n,) being
defined according to the sign of the distance from p, to the
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plane defined by (p,, n, ), the sign of the distance from p, to
the plane defined by (p,, n,), the sign ot the norm of the
normal vectors cross product, and/or the sign of the normal

vectors scalar product.

It 1s also provided a database that comprises 3D modeled >
objects. The database comprises, for each 3D modeled
object, a respective morphology signature.

In examples, the respective morphology signature may
comprise, for each respective one of a set of pairs of walls
of the respective 3D modeled object, a label representative 10
of a relative orientation between the two walls of the
respective pair.

It 1s also provided a method for constructing such a
database.

In examples, the method may comprise providing the 15
modeled objects, determining, for each 3D modeled object,
the respective morphology signature of the 3D modeled
object; and storing a relation between each 3D modeled
object and its respective morphology signature.

It is also provided a computer program comprising 2V
instructions for performing any or several of the above
methods.

It 15 also provided a data storage medium having recorded
thereon the computer program.

It is also provided a system comprising a processor 29
coupled to a memory, the memory having recorded thereon
the computer program.

BRIEF DESCRIPTION OF THE DRAWINGS

30

The foregoing will be apparent from the following more
particular description of example embodiments, as illus-
trated 1n the accompanying drawings in which like reference
characters refer to the same parts throughout the different
views. The drawings are not necessarily to scale, emphasis 35
instead being placed upon illustrating embodiments.

Embodiments of the invention will now be described, by
way of non-limiting example, and 1n reference to the accom-
panying drawings, where:

FIG. 1 shows a flowchart of an example of the method; 40

FIGS. 2-3 show two mechanical parts having the same
morphology;

FIG. 4 shows an example of a graphical user iterface of
the system;

FIG. 5 shows an example of the system:; 45

FIGS. 6-18 show 3D modeled objects of examples of the
database and pictures of parts represented by such 3D
modeled objects; and

FIGS. 19-45 1llustrate examples of the method.

50
DETAILED DESCRIPTION

A description of example embodiments follows.

The teachings of all patents, published applications and
references cited herein are incorporated by reference in their 55
entirety.

With reference to the flowchart of FIG. 1, 1t 1s proposed
a computer-implemented method for querying a database
that comprises (e.g. data of) 3D modeled objects. The 3D
modeled objects represent mechanical parts (1.e. each 3D 60
modeled object of the database represents a mechanical
part—at least its outer shape—, e.g. the term “mechanical
part” also referring generically to an assembly and/or to a
portion thereod).

The database further comprises, for each 3D modeled 65
object, a respective morphology signature. In other words,
the database stores a relation (e.g. 1n the form of pointers
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and/or links) between each 3D modeled object and a respec-
tive value of a morphology signature function (e.g. the
morphology signature function being possibly predeter-
mined and/or the same function, for all the considered 3D
modeled objects). The morphology signature function 1s a
function defined on a domain of 3D modeled objects (and
thus can take each of the considered 3D modeled objects as
input). The value of the morphology signature function for
a given 3D modeled object (that 1s, the morphology signa-
ture of said given 3D modeled object) constitutes synthetic
information on the morphology of the 3D modeled object.
The term “synthetic” refers to the fact that the morphology
signature constitutes smaller data than the 1nitial data defin-
ing the given 3D modeled object. The morphology signature
function discriminates between different morphologies. In
other words, two 3D modeled objects having difierent
morphologies also have unmatchable morphology signa-
tures, at least statistically. However, two different 3D mod-
cled objects yet having the same morphology also have
morphology signatures that can be matched (e.g. the same),
at least statistically.

The method comprises the step of providing S1 (e.g. to a
database or to a plug-1n/script running on such a database,
¢.g. at a client computer system or to a server computer
system—1.e. database host—, e.g. the client possibly being
confounded with the server, which may be the case if they
are hosted by the same machine for example) a query that
includes a morphology criterion (as part of the data that
define the query, and e.g. at least as one of the possibly
several criteria making the query, e.g. the query possibly
including other criteria and optionally weights assigned to
the different criteria, as very classical in the field of database
search). The method also comprises the step of returming S2
(e.g. to the client or at the server), as results of the query (1.e.
the returned data including one or more such results or even
no/null result—which means that not necessarily several
results are returned, the plural form being used as 1t 1s the
generic expression—, depending on the query and/or on the
content of the searched data), respective 3D modeled objects
of the database. A respective 3D modeled object 1s returned
based on an extent to which the respective 3D modeled
object has a morphology signature that respects the mor-
phology criterion (1n other words, an extent to which the
morphology signature, associated 1n the database to the 3D
modeled object considered for being returned, respects the
morphology criterion). The expression “morphology crite-
rion” designates any way to filter and/or rank the 3D
modeled objects of the database based only on their respec-
tive morphology signature.

Such a method improves the querying of a database that
comprises 3D modeled objects that represent mechanical
parts.

Notably, the method provides a solution to perform a
search based on the morphology 1n a database thanks to its
steps S1 and S2 and to the definmition of a morphology
signature. This 1s particularly usetul in the field of mechani-
cal design, where actors—notably designers who would like
to retrieve previously designed parts in order to reuse
them—often think of mechanical parts in terms of their
morphology (among others). Thanks to the definition of the
morphology signature, the method ensures the returning at
S2 of relatively relevant results.

The morphology signature of a respective 3D modeled
object represents the morphology of the mechanical part that
1s represented by the respective 3D modeled object. The
morphology of a mechanical part 1s information that repre-
sents relative orientations of slice-like portions (or mem-
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bers) of the mechanical part, but not their dimensions or
proportions. A slice-like portion of the mechanical part 1s a
portion of material that has the general shape of a substan-
tially planar shape, e.g. relatively large with respect to its
thickness and/or relatively thin, e.g. regardless of through
holes and/or protuberances thereat. The morphology attri-
bute thus discriminates between mechanical parts yet cre-
ating groups of similar parts (1.¢. having the same morphol-
ogy), similarly to the process by which alphabets
discriminate letters, and yet allow to recognize instances of
a same letter, said mstances diflering from each other merely
by the fact that they are written by different persons or using,
different fonts. The morphology may be one of a symbolic
typology, €.g. any one of a list of types of shape, for example
including any one or a combination of X-shape, T-shape,
H-shape, Y-shape, Z-shape, II-shape, O-shape, U-shape,
and/or £2-shape. This way, a user may enter a morphology
criterion merely by mputting a symbol or by 1mputting a 3D
modeled object that 1s shaped according to such symbol
(thus thinking 1n terms of symbols).

Prior art technologies fail to identify a typical morphol-
ogy. Prior art technologies indeed are most often closely
related to dimensional properties, including relative propor-
tions, or, conversely, they are mainly independent of dimen-
sions. For example, one may consider the mnput solid of FIG.
2 and suppose that the database includes the solid of FIG. 3.
These two parts feature an £2-shape. Prior art algorithms are
unable to recognize this similar £2-shape morphology, as
opposed to the method of FIG. 1.

The method 1s computer-implemented. This means that
the steps (or substantially all the steps) of the method are
executed by at least one computer, or any system alike.
Thus, steps of the method are performed by the computer,
possibly fully automatically, or, semi-automatically. In
examples, the triggering of at least some of the steps of the
method may be performed through user-computer interac-
tion. The level of user-computer interaction required may
depend on the level of automatism foreseen and put in
balance with the need to implement user’s wishes. In
examples, this level may be user-defined and/or pre-defined.

A typical example of computer-implementation of the
method 1s to perform the method with a system adapted for
this purpose. The system may comprise a processor coupled
to a memory and a graphical user interface (GUI), the
memory having recorded thereon a computer program com-
prising 1nstructions for performing the method. The memory
may also store a database, e.g. on which the query is
executed. The memory 1s any hardware adapted for such
storage, possibly comprising several physical distinct parts
(e.g. one for the program, and possibly one for the database).
The system may thus be a client-server system, or a mere
client system (the database being stored on a remote server,
the method of FIG. 1 being thereby seen from the point of
view of the client 1n such a case) or a mere server system (the
query stemming from a remote client system, the method of
FIG. 1 being thereby seen from the point of view of the
server 1n such a case). It 1s noted that the method of FIG. 1
may be indifferently seen as implemented from the client
point of view and/or from the server point of view, as both
communicate to perform the method. The returning S2 can
indeed be active (database), or passive (client requesting the
query).

By “database”, it 1s meant any collection of data (i.e.
information) organized for search and retrieval (e.g. a rela-
tional database, e.g. based on a predetermined structured
language, e.g. SQL). When stored on a memory, the data-
base allows a rapid search and retrieval by a computer.
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Databases are 1indeed structured to facilitate storage,
retrieval, modification, and deletion of data in conjunction
with various data-processing operations. The database may
consist of a file or set of files that can be broken down into
records, each of which consists of one or more fields. Fields
are the basic units of data storage. Users may retrieve data
primarily through queries. Using keywords and sorting
commands, users can rapidly search, rearrange, group, and
select the field 1n many records to retrieve or create reports
on particular aggregates of data according to the rules of the
database management system being used.

In the case of the method, the database comprises 3D
modeled objects that represent mechanical parts. Each
respective 3D modeled object of the database 1s furthermore
associated (e.g. n a row or any other type of relation,
depending on the database technology at use) to the value of
the morphology signature of said respective object, the value
of the morphology signature being as defined earlier (and 1t
may be defined as a value of a field of the database or
covering several fields, this being an implementation detail
pertaining to database optimization and not further discussed
here). Such a database can be built and/or incremented with
new 3D modeled object(s) 1n order for example to be used
in the querying method of FIG. 1 (if the database 1is
appropriately configured). This only requires that 1t be
possible to determine, for each 3D modeled object, the
respective morphology signature of the 3D modeled object.
The database can thus be constructed 1n any way and 1t can
be stored on the memory of the system as mentioned above,
or on any other medium adapted for that. Such a database
allows retrieving 3D modeled objects according to the
method of FIG. 1, and 1t 1s thus a tool that may for example
accelerate CAD design (by helping the designer retrieve
relevant results and re-use them instead of re-designing
everything from scratch, e.g. 1f the system 1s provided with
such a re-use functionality).

The method generally manipulates modeled objects. A
modeled object 1s any object defined by data stored e.g. in
the database. By extension, the expression “modeled object™
designates the data itself. According to the type of the
system, the modeled objects may be defined by different
kinds of data. The system may indeed be any combination of
a CAD system, a CAE system, a CAM system, a PDM
system and/or a PLM system. In those different systems,
modeled objects are defined by corresponding data. One
may accordingly speak of CAD object, PLM object, PDM
object, CAE object, CAM object, CAD data, PLM data,
PDM data, CAM data, CAE data. However, these systems
are not exclusive one of the other, as a modeled object may
be defined by data corresponding to any combination of
these systems. A system may thus well be both a CAD and
PLM system, as will be apparent from the definitions of such
systems provided below.

By CAD system, 1t 1s additionally meant any system
adapted at least for designing a modeled object on the basis
of a graphical representation of the modeled object, such as
CATIA. In this case, the data defining a modeled object
comprise data allowing the representation of the modeled
object. A CAD system may for example provide a repre-
sentation of CAD modeled objects using edges or lines, 1n
certain cases with faces or surfaces. Lines, edges, or surfaces
may be represented 1n various manners, €.g. non-uniform
rational B-splines (NURBS). Specifically, a CAD file con-
tains specifications, from which geometry may be generated,
which 1n turn allows for a representation to be generated.
Specifications of a modeled object may be stored 1n a single
CAD file or multiple ones. The typical size of a file repre-
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senting a modeled object in a CAD system 1s 1n the range of
one Megabyte per part. And a modeled object may typically
be an assembly of thousands of parts.

In the context of CAD, a modeled object may typically be
a 3D modeled object, e.g. representing a product such as a
part or an assembly of parts, or possibly an assembly of
products. By “3D modeled object”, it 1s meant any object
which 1s modeled by data allowing its 3D representation. A
3D representation allows the viewing of the part from all
angles. For example, a 3D modeled object, when 3D rep-
resented, may be handled and turned around any of 1ts axes,
or around any axis in the screen on which the representation
1s displayed. This notably excludes 2D 1cons, which are not
3D modeled. The display of a 3D representation facilitates
design (1.e. increases the speed at which designers statisti-
cally accomplish their task). This speeds up the manufac-
turing process 1n the industry, as the design of the products
1s part of the manufacturing process.

Any 3D modeled object contemplated by the method may
represent the geometry of a product to be manufactured in
the real world subsequent to the completion of 1ts virtual
design with for mstance a CAD software solution or CAD
system, such as a (e.g. mechanical) part or assembly of parts.
A CAD software solution allows the design of products in
various and unlimited industrial fields, including: aerospace,
architecture, construction, consumer goods, high-tech
devices, industrial equipment, transportation, marine, and/or
oflshore o1l/gas production or transportation. The 3D mod-
cled objects contemplated by the method may thus represent
an industrial product which may be any mechamical part,
such as a part of a terrestrial vehicle (including e.g. car and
light truck equipment, racing cars, motorcycles, truck and
motor equipment, trucks and buses, trains), a part of an
aerial vehicle (including e.g. airframe equipment, acrospace
equipment, propulsion equipment, defense products, airline
equipment, space equipment), a part of a naval vehicle
(including e.g. navy equipment, commercial ships, oflshore
equipment, yachts and workboats, marine equipment), a
general mechanical part (including e.g. industrial manufac-
turing machinery, heavy mobile machinery or equipment,
installed equipment, industrial equipment product, fabri-
cated metal product, tire manufacturing product), an electro-
mechanical or electronic part (including e.g. consumer elec-
tronics, security and/or control and/or instrumentation
products, computing and communication equipment, semi-
conductors, medical devices and equipment), a consumer
good (including e.g. furniture, home and garden products,
leisure goods, fashion products, hard goods retailers” prod-
ucts, soit goods retailers” products), and/or a packaging
(including e.g. food and beverage and tobacco, beauty and
personal care, household product packaging). Additional
examples for which the morphology criterion 1s a particu-
larly usetul one to perform a database query are provided
alter.

By PLM system, it 1s meant any system adapted for the
management of a modeled object representing a physical
manufactured product (or product to be manufactured). In a
PLM system, a modeled object 1s thus defined by data
suitable for the manufacturing of a physical object. These
may typically be dimension values and/or tolerance values.
For a correct manufacturing of an object, 1t 1s indeed better
to have such values.

By CAM solution, it 1s additionally meant any solution,
soltware of hardware, adapted for managing the manufac-
turing data of a product. The manufacturing data generally
includes data related to the product to manufacture, the
manufacturing process and the required resources. A CAM
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solution 1s used to plan and optimize the whole manufac-
turing process of a product. For instance, 1t can provide the
CAM users with information on the feasibility, the duration
ol a manufacturing process or the number of resources, such
as specific robots, that may be used at a specific step of the
manufacturing process; and thus allowing decision on man-
agement or required investment. CAM 1s a subsequent
process alter a CAD process and potential CAE process.
Such CAM solutions are provided by Dassault Systemes
under the trademark DELMIA®.

By CAE solution, it 1s additionally meant any solution,
software of hardware, adapted for the analysis of the physi-
cal behavior of modeled object. A well-known and widely
used CAE technique 1s the Finite Element Method (FEM)
which typically involves a division of a modeled objet mnto
clements which physical behaviors can be computed and
simulated through equations. Such CAE solutions are pro-
vided by Dassault Systemes under the trademark SIMU-
LIA®. Another growing CAE technique mvolves the mod-
cling and analysis of complex systems composed a plurality
components from different fields of physics without CAD
geometry data. CAE solutions allows the simulation and
thus the optimization, the improvement and the validation of
products to manufacture. Such CAE solutions are provided
by Dassault Systemes under the trademark DYMOLA®.

PDM stands for Product Data Management. By PDM
solution, 1t 1s meant any solution, software of hardware,
adapted for managing all types of data related to a particular
product. A PDM solution may be used by all actors involved
in the lifecycle of a product: primarly engineers but also
including project managers, finance people, sales people and
buyers. A PDM solution 1s generally based on a product-
oriented database. It allows the actors to share consistent
data on their products and therefore prevents actors from
using divergent data. Such PDM solutions are provided by
Dassault Systemes under the trademark ENOVIA®.

FIG. 4 shows an example of the GUI of the (client) system
for performing the method, wherein the system 1s a CAD
system.

The GUI 2100 may be a typical CAD-like interface,
having standard menu bars 2110, 2120, as well as bottom
and side toolbars 2140, 2150. Such menu- and toolbars
contain a set ol user-selectable icons, each i1con being
associated with one or more operations or functions, as
known 1n the art, e.g. one such operation/function being for
launching the method of FI1G. 1 (e.g. based on input modeled
object 2000, or e.g. leading to display of resulting modeled
object 2000, e.g. after selection among other results). Some
of these 1cons are associated with soltware tools, adapted for
editing and/or working on the 3D modeled object 2000
displayed in the GUI 2100. The software tools may be
grouped into workbenches. Each workbench comprises a
subset of software tools. In particular, one of the work-
benches 1s an edition workbench, suitable for editing geo-
metrical features of the modeled product 2000. In operation,
a designer may for example pre-select a part of the object
2000 and then mitiate an operation (e.g. change the dimen-
s10m, color, etc.) or edit geometrical constraints by selecting
an appropriate 1icon. For example, typical CAD operations
are the modeling of the punching or the folding of the 3D
modeled object displayed on the screen. The GUI may for
example display data 2500 related to the displayed product
2000. In the example of FIG. 4, the data 2500, displayed as
a “feature tree”, and their 3D representation 2000 pertain to
a brake assembly including brake caliper and disc. The GUI
may further show various types of graphic tools 2130, 2070,
2080 for example for facilitating 3D orientation of the
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object, for triggering a simulation of an operation of an
edited product or render various attributes of the displayed
product 2000. A cursor 2060 may be controlled by a haptic
device to allow the user to interact with the graphic tools.

FIG. 5 shows an example of the system, wherein the
system 15 a client computer system, e.g. a workstation of a
user.

The client computer of the example comprises a central
processing unit (CPU) 1010 connected to an internal com-
munication BUS 1000, a random access memory (RAM)
1070 also connected to the BUS. The client computer 1s
turther provided with a graphical processing unit (GPU)
1110 which 1s associated with a video random access
memory 1100 connected to the BUS. Video RAM 1100 1s
also known 1n the art as frame bufler. A mass storage device
controller 1020 manages accesses to a mass memory device,
such as hard drive 1030. Mass memory devices suitable for
tangibly embodying computer program instructions and data
include all forms of nonvolatile memory, including by way
of example semiconductor memory devices, such as
EPROM, EEPROM, and flash memory devices; magnetic
disks such as internal hard disks and removable disks;
magneto-optical disks; and CD-ROM disks 1040. Any of the
foregoing may be supplemented by, or incorporated 1n,
specially designed ASICs (application-specific integrated
circuits). A network adapter 1050 manages accesses to a
network 1060. The client computer may also include a
haptic device 1090 such as cursor control device, a keyboard
or the like. A cursor control device 1s used 1n the client
computer to permit the user to selectively position a cursor
at any desired location on display 1080. In addition, the
cursor conftrol device allows the user to select various
commands, and mput control signals. The cursor control
device includes a number of signal generation devices for
input control signals to system. Typically, a cursor control
device may be a mouse, the button of the mouse being used
to generate the signals. Alternatively or additionally, the
client computer system may comprise a sensitive pad, and/or
a sensitive screen.

The computer program may comprise 1structions execut-
able by a computer, the instructions comprising means for
causing the above system to perform the method. The
program may be recordable on any data storage medium,
including the memory of the system. The program may for
example be implemented 1n digital electronic circuitry, or 1in
computer hardware, firmware, software, or in combinations
of them. The program may be implemented as an apparatus,
for example a product tangibly embodied in a machine-
readable storage device for execution by a programmable
processor. Method steps may be performed by a program-
mable processor executing a program of instructions to
perform functions of the method by operating on input data
and generating output. The processor may thus be program-
mable and coupled to receive data and instructions from, and
to transmit data and instructions to, a data storage system, at
least one 1mput device, and at least one output device. The
application program may be implemented 1n a high-level
procedural or object-oniented programming language, or in
assembly or machine language if desired. In any case, the
language may be a compiled or interpreted language. The
program may be a full imstallation program or an update
program. Application of the program on the system results
in any case 1n instructions for performing the method.

The method may be part of a process of designing a 3D
modeled object or 1t may follow such process. “Designing a
3D modeled object” designates any action or series of
actions which 1s at least part of a process of elaborating a 3D
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modeled object. Thus, the method may comprise creating a
first 3D modeled object from scratch (by the user), e.g. via
a sketching-like process. Then the method may comprise
running (on user command e.g. based on a user-input of the
morphology criterion or as an—automatic—background
process e.g. based on the morphology signature of the object
being designed) a query according to FIG. 1. Alternatively,
the morphology criterion 1s directly provided as a value by
the user. Then the method may comprise optionally display-
ing the results to the user and selecting (by the user) a
preferred result (1f case there 1s at least one result). Finally
the user may continue the design by modifying a result of the
query (e.g. the one which has been selected), or by adding
a result of the query to the current design. This can thus be
usetul to help a designer not unnecessarily re-design a model
previously designed and re-use such previous design
istead. Any other reason to perform a query according to
FIG. 1 may however be contemplated. For example, the
method may be used to find and e.g. delete duplicate (or
almost duplicate, that 1s, very similar) 3D modeled objects
from a database (for example 1n order to reduce the size of
the database by eliminating redundancy), or group parts in
a same morphology category or based on morphology
similarity.

The method may be included in a manufacturing process,
which may comprise, after performing the method, produc-
ing a physical product corresponding to the modeled object.
In any case, the modeled object designed by the method may
represent a manufacturing object. The modeled object may
thus be a modeled solid (1.e. a modeled object that represents
a solid). The manufacturing object may be a product, such
as a part, or an assembly of parts. Because the method
improves the design of the modeled object, the method also
improves the manufacturing of a product and thus increases
productivity of the manufacturing process.

The database may comprise or may consist ol 3D mod-
cled objects representing fasteners and/or the searched 3D
modeled object (e.g. the 3D modeled object mputted in the
morphology criterion) may represent a fastener. A fastener 1s
a hardware device that mechanically joins or aflixes two or
more objects together.” Querying a database of such parts
and/or for such a part can make particularly eflicient use of
the method of FIG. 1, as such parts are conceived particu-
larly well 1n terms of morphology by mechanical designers.
The shape of a fastener fits positioning constraints as well as
stiflening constraints that dictate 1ts morphology. As
opposed to main assembly parts, a fastener can more often
be reused from one design to another. This makes the
method of FIG. 1 particularly usetul 1n such specific context.
The fasteners of the database may include any one or
combination of clips, cleats, stringers, clevis and/or other
fixtures or assembly parts. FIGS. 6-18 show 3D modeled
objects representing such parts and pictures of such parts.

The 3D modeled objects of the database may comprise or
consist ol a boundary representation (B-Rep) of the repre-
sented mechanical part. The notion of B-Rep i1s widely
known 1n the art. The B-Reps contemplated by the method
of FIG. 1 may be as defined 1n the two following documents
incorporated herein by reference and corresponding one to
the other: EP 2750107 Al and US 2014188439 Al.

The method of FIG. 1 1s now discussed in more details.
The method 1s for querying a database that comprises 3D
modeled objects that represent mechanical parts. Querying a
database means that a query is run on the database according
to the classical meaning of such expression in database
engineering, which 1s that information from the database 1s
extracted from the database as the result of the query
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(possibly null). In the case of the method, 3D modeled
objects of the database (that i1s, any characterizing data
thereol) are returned, possibly for user-selection and/or
user-triggering of additional data to be downloaded. This 1s
all known per se 1n the field of database engineering, and
notably 1n 1ts application to 3D search.

As known, the query may be performed according to any
type of criterion or any types of criteria. Results are then
provided (one, several, or null) based on the extent to which
pieces of data 1n the database respect the criterion/critena,
which 1s very classical. In the case of the method, the query
includes at least a so-called morphology criterion (possibly
said morphology criterion only), in other words a criterion
related to the morphology, for example any search criterion
related to one or more values of the morphology signature,
for example an inputted searched 3D modeled object (whose
signature 1s computer by the method). That means by
definition that an extent to which potential results (at this
point, data pieces of the database) match this criterion (the
question ol handling several criteria, for example with
welghts 1in the query, beimng left aside as this 1s an 1mple-
mentation detail that can be classically addressed) 1s evalu-
ated to assess whether or not a piece of information 1s to be
considered as a result or not. How exactly this extent may be
evaluated 1s a matter of implementation. This extent may be
binary (a 3D modeled object’s morphology signature value
respects the morphology criterion or not), or it can be
progressive (strictly more than two levels of respect, possi-
bly a continuum from a mimmal—e.g. zero—value to a
maximum value, e.g. 1—e.g. corresponding for example to
two equal morphology values when the criterion 1s that
results have a morphology equal to the mput value). Also,
how exactly it 1s decided that a respective 3D modeled
object 1s a result to be returned or not based on said extent
evaluated for said respective 3D modeled object 1s a matter
of 1mplementation too.

In examples, the method may return only a predetermined
number of the most relevant results (e.g. 3D modeled objects
“respecting” the morphology criterion more than the others),
or only one (e.g. the “most respecting” one). In an example,
the extent to which the morphology criterion 1s respected 1s
a binary value and, 1n that example, the method may return
all “respecting” 3D modeled objects—which does imply that
all results are displayed to the user, at least at once, e.g. a
scrolling action from the user possibly being required for
that). In examples, the criterion may grasp any “non-Bool-
ean’’ criterion, such as ‘“the ten best results”.

In an example, the morphology criterion 1s one or more
values of the morphology signature. Each such value may be
provided in the form of a respective mput 3D modeled
objects having such value, e.g. the morphology signature of
the respective mput 3D modeled object being computed
prior to running the query, e.g. on the fly upon launching the
query or previously as a background process. In such a case,
for example, a 3D modeled object may (be considered by the
method to) respect the morphology criterion if and only 1f 1t
has a morphology signature equal (e.g. exactly or substan-
tially) to one of the one or more values.

The morphology signature may comprise or consist of, for
cach respective one of a set of pairs of walls of the respective
3D modeled object, information representative of a relative
orientation between the two walls of the respective pair. In
other words, provided all walls of the respective 3D modeled
object, a given set of pairs of walls are provided (example
ways to determine such set are provided later). Furthermore,
for each pair of walls of the given set, information relative
to the relative orientation between the two walls 1s provided.
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The information may generally be any type of one-wall-to-
one-wall relative orientation information. The information
may comprise or consist of a label representative of a
relative orientation between the two walls of the respective
pair. This allows an eflicient grasping of the morphology of
the mechanical part represented by the 3D modeled object.

The morphology signature may for example comprise or
consist of a graph, with nodes each representing a respective
wall and arcs between two nodes each associated with a
label representative of a relative orientation between the two
walls respective to the two nodes bounding the arc. The
comparison of signatures may then amount to a graph
comparison, which 1s fast. The graph comparison may be
any type ol comparison, and 1t may amount 1n an example
to determining whether or not the two graphs are 1somorph
(an example of such determination 1s provided later). The
arcs may be directed or undirected, depending on whether
the information conveyed by the labels call for a direction
between the two walls or not. The morphology signature
may thus comprise or consist of this “graph+labels associ-
ated to arcs” data structure, or “labeled-arcs-graph”. Infor-
mation relative to the individual dimensions and/or indi-
vidual proportions of the walls may be discarded. In other
words, 1n an example the morphology signature does not
comprise any information relative to the individual dimen-
sions and/or individual proportions of the walls, but the
morphology signature comprises only one-wall-to-one-wall
relative orientation information.

In an example, the labels form a clique graph over the
walls of the set of pairs of walls. This means by definition
that, with respect to all the walls of the given set of pairs of
walls, each pair of walls has a unique corresponding arc (1.¢.
any potential direction of the arc not being taken into
account here). In other words, a given set of walls 1is
provided, and all pairs of such given set are associated with
a label. Yet 1n other words, for a given set of walls, for
example all the walls of the 3D modeled object, e.g. pro-
vided filtering criteria, the morphology signature comprises
information on one-wall-to-one-wall relative orientation for
all possible pairs of walls. This makes the morphology
signature particularly eflicient, as for a given representative
set of walls, the morphology signature comprises compre-
hensive information on one-wall-to-one-wall relative orien-
tation. This notably helps diminishing false positives.

The method allows the following framework. Mechanical
parts are modeled by solids, and a signature 1s designed to
capture the morphology. The method for computing the
morphology signature may include two steps. Firstly, rep-
resentative walls of the part may be 1dentified e.g. and coded
by point-vector couples. Secondly, a graph may be com-
puted 1n order to capture the relative orientations e.g. of the
point-vectors couples. Searchjng similar part, from the
morphological point of view, may be to find parts in the
database featuring the same graph signature as the input part.
The method may make use of labeled graphs and labeled
graphs matching. The graph of the method may make use of
arcs labels only, as opposed to labeled graphs where not only
arcs but also nodes have labels. This makes the signature
more compact. Furthermore, graph morphisms defined 1n the
method may disregard arc orientations. As opposed to solu-
tion which capture the relevant topological aspect through
the structure of the graph (1.e. how nodes are connected by
arcs), the graphs of the method of FIG. 1 may be clique
graphs (arcs connecting all couples of nodes), and the
relevant imnformation 1s captured by labels associated with
arcs. This speeds up the comparisons.
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A wall of the 3D modeled object designates any pair of
surface portions of the 3D modeled object opposite one to
the other that represents a substantially regular slice-like
portion of material (said material forming the mechanical
part represented by the 3D modeled object). Such a surface
portion constituting a wall 1s thus a substantially regular
portion of the outer surface of the 3D modeled object, e.g.
possibly featuring through holes and/or relatively small
irregularities. Such a surface portion can be referred to as by
the term “face” in the following, e.g. corresponding to a
B-Rep face sub-data or to a reduction thereof. A reduction of
a face 1s a portion of the face, e.g. obtained via a reduction
process, such as the updating process of an example
described later. A pair of faces “opposite one to the other”
may mean that a percentage superior or equal to 75% of at
least one of the two faces can be projected orthogonally on
the other face. The percentage may be 100%. The faces of
such a pair may be parallel or substantially parallel. For
example one of the faces of the pair has a percentage
superior or equal to 75% that 1s perfectly or substantially
(e.g. with an error angle inferior to a threshold, e.g. less than
5 degrees) parallel to at least a corresponding portion of the
other face. The percentage may be 100%.

By “label”, it 1s here meant any value of a countable set.
The morphology signature may thus involve, for a given 3D
modeled object, the consideration of a certain set, elements
of the set being pairs of walls (1.e. pairs of pairs of faces).
The morphology signature then includes for each pair of
such a set a label associated to the pair. The label 1s
representative of a relative orientation between the two
walls. In other words, the label provides mnformation about
how the two walls are oriented one with respect to the other.
The expression “relative orientation” designates any infor-
mation on how the two walls are oriented one with respect
to the other. The labels of the morphology signature may
thereby be determined within a predetermined set. The
predetermined set may be any set representative of a tax-
onomy of relative orientations and the determination may be
performed 1n any way. Particularly eflicient examples are
discussed later. Thus, this specific morphology signature
grasps wall-to-wall relative ornentation information, and
thus correctly conveys morphology information relevant
from the mechanical design point of view.

Different examples of the method that may be combined
together and that increase the efliciency of the method with
respect to relevance of the result and/or rapidity to deter-
mined and/or compare the morphology signature are now
discussed. These examples achieve such increase of efli-
ciency notably thanks to their discarding non-relevant infor-
mation from a 3D modeled object when considering its
morphology.

In an example, each label of the morphology signature 1s
representative ol a relative orientation between at least
substantially planar walls. In other words, each label that
forms a relevant information of the morphology signature
relates to a pair of walls that are both planar, at least
substantially. Yet 1n other words, the morphology signature
does not 1nclude information regarding relative orientation
between a pair of walls that includes a wall that 1s not at least
substantially planar. By “substantially planar” 1t 1s meant
that, for each of the two faces that form the wall, at least 75%
of the face 1s planar (1.¢. included in a plane). In an example,
cach label of the morphology signature is representative of
a relative orientation between planar walls. In such an
example, only perfectly planar walls (which also implies
only pertectly planar faces) are considered in the morphol-
ogy signature.
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In an example, each label of the morphology signature 1s
representative of a relative orientation between thin walls. In
other words, all the walls mmvolved in the morphology
signature are thin walls. Yet 1n other words, the morphology
signature does not include information regarding relative
orientation between a pair of walls that includes a wall that
1s not a thin wall. A “thin wall” 1s a wall that 1s of thickness
of the order of magnitude of the average thickness of the
modeled object, for example inferior or equal to a number of
times inferior or equal to ten times (e.g. four times) the
average thickness of the modeled object. The average thick-
ness may be defined as in the following document 1ncorpo-
rated herein by reference: European patent application No.
15305809.4 filed on 28 May 2015. Thin walls may be
recognized by comparing the thickness of the wall (i.e.
average distance or shift between the two faces of the wall,
which may correspond to the average thickness according to
the definition of EP15303809.4 of the envelope of the wall,
¢.g. represented by any datum or proxy) to a representative
datum or proxy of the average thickness of the solid repre-
sented by the modeled object. This representative or proxy
may be determined according to any of the methods
described in European patent application No. 15305809.4
filed on 28 May 2015, or equal to the value determined by
any of the methods described 1n said document.

In an example, each label of the morphology signature 1s
representative of a relative orientation between relatively
large walls. In other words, all the walls involved 1n the
morphology signature are relatively large, meaning that their
surface 1s beyond a predetermined threshold, e.g. depending
on the area of the whole outer surface of the 3D modeled
object. The threshold may be a percentage below 10% of the
whole outer surface of the 3D modeled object, for example
below 5%, yet below 3%, and/or above 0.1%, yet 0.5%, for
example 1%.

In an example, each label 1s determined within a prede-
termined finite set of labels. In other words, only a finite set
of possible values 1s provided for the labels. Thus, a prede-
termined and finmite set of values of wall-to-wall relative
orientation 1s predetermined, and each label of the morphol-
ogy signature 1s determined as one of these values. In such
an example, the morphology signature 1s based on manipu-
lations of a finmite set of labels, such that 1s very fast to
calculate and small to store (1n terms of memory required).
This also goes with a fast and simple comparison program,
which makes the method very eflicient 1n a context of
massive computing where data access 1s critical. The method
in such examples provides a robust, simple and rapid way to
compute a morphology signature. Thus, signature compu-
tation as well as searching 1s made faster, and the signature
can be computed for any shape of solid. Furthermore, the
signature 1s easy to implement and the software 1s easy to
maintain.

An example of an overall process including the method of
FIG. 1 1s now discussed and shown on FIG. 19.

The process deals with similar parts recognition. Each
part 1n the database 1s equipped with a signature. These
signatures are computed and stored during an offline pro-
cess. The signature of the input part provided by the user 1s
computed and compared to signatures in the database. This
1s performed during a “search” step during an inline (or
online) process. Parts featuring the same signature as the one
of the mput part are selected and provided to the user as the
similar parts.

The method thus defines a signature that 1s able to capture
morphological information, typically: X-shape, T-shape,
H-shape, Y-shape, Z-shape, II-shape, O-shape, U-shape,
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(2-shape, etc. This list 1s not exhaustive. In fact, 1f the input
part features, for example, a H-shape, the method naturally
reports H-shape parts out of the database without reference
to a predefined dictionary of shapes.

Different examples of implementation of the method are
now discussed. In these implementations, the morphology
signature comprises, for each respective one of a set of pairs
of walls of the respective 3D modeled object, a label
representative of a relative orientation between the two walls
of the respective pair. Also, the labels form a clique graph
over the walls of the set of pairs of walls. Also, each label
of the morphology signature 1s representative of a relative
orientation between at least substantially planar walls (e.g.
the perfectly planar example being illustrated later). Also,
cach label of the morphology signature 1s representative of
a relative orientation between thin walls. Also, each label 1s
determined within a predetermined finite set of labels. Also,
cach wall 1s associated to a respective node that includes a
point and a respective normal vector (in other words, the
node of the graph—+to which the wall 1s associated—is also
associated to a couple consisting of a point and a normal
vector, representative of the wall, e.g. the point being a 3D
positions and/or representing a center of gravity of the wall,
and/or e.g. the normal vector being a 3D vector and/or
representing a direction normal to the wall, e.g. at the point).
Geometries associated to the point and the respective normal
vector are involved to determine values labels.

An example of signature computation 1s first discussed
and 1llustrated by FIG. 20.

The signature of the example 1s a labeled graph. The
signature may be computed according to the following steps.
Thin walls are recognized on the mnput part. Then, the
geometry of these walls 1s abstracted through point-vector
couples (p,, n,). These point-vector couples are the nodes of
the graph. Arcs connecting two nodes are labeled with
symbols that are designed to capture the relative orientations
of point-vector nodes. The post-processing makes the graph
more suitable for the comparison process.

An example of thin walls recognition 1s now discussed.

Thin walls recognition may be to identily characteristic
couples of parallel faces. The algorithm may deal only with
representative planar faces of the solid. Non-planar faces
may be discarded. Planar faces featuring an area that 1s
smaller than 1% of the total area of the solid may be
discarded as well. FIG. 21 illustrates a typical £2-shape part.
FIG. 22 1llustrates discarded planar faces due to a too small
relative area. The triple (g, v,, a,) 1s computed and stored for
cach representative planar face F, where g, 1s its center of
gravity, v, 1s 1ts outer normal vector and a, 1s 1ts area. The
representative thickness t of the solid may be computed by
using the thickness signature o as defined by earlier-cited
European patent application EP153035809 4 filed on 28 May
20135. The thickness signature may be expanded by a safety
coellicient to result in the representative thickness, such that
t=20. These data are intensively used for the wall recogni-
tion of the example.

In a first step of the example, representative couples (1, k)
of faces are 1dentified by checking the following criterions.

First, faces of a couple must be parallel with opposite
outer normal vectors:

<v1-,v;c> =~—1]

FIG. 23 1llustrates a non-representative couple of faces
according to this criterion.

Second, the thickness of the portion defined by two
parallel faces must include a representative amount of
material:
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0< < i~ & Vi > =
or, equivalently,

0< ( gk‘&:”k) =

FIG. 24 illustrates a non-representative couple of faces
according to this criterion.

Third, the relative shift s=||(g,—g,)xv,|| of parallel faces
should not be too large compared to faces size:

maxia;, a)

S
- < ) —
§ minie;, ay )

FIG. 25 illustrates a non-representative couple of faces
according to this criterion.

At this poimnt of the example of determination of the
morphology signature of a 3D modeled object, couples of
faces are defined, and some faces can be shared by several
couples. FIG. 26 illustrates the couples of faces of the
exemplary part of FIGS. 21-25.

The goal 1n the example 1s now to 1dentity thin walls by
analyzing these couples of faces. Faces shared by several
couples are updated 1n order to appropriately contribute to
several thin walls. A thin wall 1s defined by a couple (p, n)
where p 1s a point and n a normalized vector.

The following pseudo-code 1llustrates an implementation:

01 For all couples (1, k) of faces do begin
02 If faces 1 and k have the same area, that is la;, — a,] = 0,
then
03 Create a new thin wall (p, n) by setting
1
P = E(gj +g,) and n =wv,
04 Remove all couples involving index 1 or index k.
05 Else (suppose for readability that a; < a;)
06 g=g +{ - & Vi Vs |
07 Create a new thin wall (p, n) by setting
1
p=5(g+gl andn=v,
08 Update data of face k:
09 y d;
& = ” _aigk ey —ajg
10 a; 1= 4a; — &,
11 Remove all couples involving index 1.
12 End if
13 End for

The updating sequence 1s eflective in the T-shape con-
figuration, as illustrated in FIG. 27 with (1, k) couple. In this
example, the updating sequence (steps 06 to 10 1n previous
algorithm) changes the numerical data of face k. FIG. 28
illustrates the 1mitial situation. FIG. 29 illustrates the situa-
tion after a thin wall (p, n) involving face 1 and a part of face
k 1s 1dentified. Area of face k 1s made smaller and 1ts center
of gravity 1s moved accordingly.

Continuing the example, the updating sequence (steps 06
to 10 1n previous algorithm) changes again the numerical
data of (the updated) face k when 1t 1s associated with face

1. F1G. 30 illustrates the situation after a thun wall (p', n')

involving face 1 and a part of face k 1s 1identified. Area of face
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k 1s smaller and 1ts center of gravity 1s moved accordingly.
The reduced face k 1s discarded because 1t 1s not associated
with any other face.

In conclusion, the thin wall recognition of the example
yields a list of N point-vector couples respectively repre-
senting thin walls of the input part. The vector orientation 1s
arbitrary, but 1t may be reworked later (as shown 1n a
later-provided example).

FIG. 31 illustrates the N=5 point-vector couples of the
exemplary part.

An example of graph definition 1s now discussed.

Each node of the graph 1s a point-vector couple. Nodes are
numbered from 1 to N. Arcs joining each node to all other
nodes are considered. This 1s the so-called “clique” graph
and 1t features

NN = 1)

arcs. Arcs are conventionally directed from the lower node
number to the larger node number, as 1llustrated 1n FIG. 32
with N=5. For convenience, such a graph may equivalently
be represented by using a table rather than a drawing. In the
table of FIG. 33, N=5 and symbol X identifies useless cells.
Each empty cell 1s dedicated to collect information about the
arc directed from cell’s row number to cell’s column num-
ber.

Examples of arc labels that are particularly e
now discussed.

In these examples, each wall 1s associated to a respective
node that includes a point and a respective normal vector, as
described above. Then, (the value of) a label representative
of the relative orientation between a wall associated to a

node (p,, n,) and a wall associated to a node (p,, n,) 1s
defined according to (values of) a list of at least one
geometrical feature that involve points p, and p, and normal
vectors n,; and n,. This list of geometrical feature(s) may
comprise or consist of any one or combination of the
following geometrical features:

the sign of the distance from p,, to the plane defined by (p,,

n, ),
the s1gn of the distance from p, to the plane defined by (p-,

HE):

the sign of the norm of the normal vectors cross product,
and/or

the sign of the normal vectors scalar product.

In other words, 1n order to define the label of an arc when
determined the morphology signature of a 3D modeled
object, the method may amount to compute the value of any
or a combination of these geometrical with respect to the
walls connected by the arc, and (e.g. according the orienta-
tion of the arc or provided a re-orientation of the arc)
determine the label (e.g. from a predetermined and finite list)
based on these values.

A specific implementation of these examples that 1s
particularly eflicient 1s now provided. The arc labels may be
determined in the predetermined finite set of labels defined
in the following.

The goal of labelling 1s to encode the relative orientation
ol two point-vector couples into a sequence of three sym-
bols. This coding 1s designed to capture relevant geometrical
configurations and to facilitate automatic graph compari-
sons. In the following a *“sign” can be “-7, “0” or “+”.
Symbol (X, y) is the scalar product of vectors x and y.
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Given two point-vector couples (p,, n,) and (p,, n,) the
label of the directed arc from node (p,, n,) to node (p,, n,)
1s defined according to the following quantities. The sign of
the distance from p, to the plane defined by (p,, n,), that 1s
d,.=Sen ( p,—-p,, 1, ), the sign of the distance from p, to the
plane defined by (p., n,), that is d,,=Sgn {p,-p-, 0.}, the
sign of the norm of the vectors cross product c=Sgn ||n, xn,||
and the sign of the vectors scalar product s=Sgn (n,, n,) .
Conventionally, Sgn {p—-q, n) is set to O when the absolute
value |{p-q, n)| is smaller than thickness t. The combina-
tions of these quantities are as follows.

If c=+, meaning that the vectors n,, n, are not collinear,
then all nine couples (d,,, d,,)E{-,0, +}* are considered.
They are symbolized d, ,Ad,, and they are {-A—, —A0, —A+,
0A-,0A0,0A+, +A-, +A0, +A+}. FIG. 34 illustrates all
situations. If c=0 and s=+, meaning that n,=n,, then all three
possible couples (d,,, d,,) are considered. They are sym-
bolized d,,Sd,, they are {0S0, —S+, +S—-}. Symbol S means
“same vectors”. For geometrical reasons, —S+S+, 05+, +S0,
-S0 and 0S- are impossible. FIG. 33 illustrates all situa-
tions. If ¢c=0 and s=-, meaning that n,=-n,, then all three
possible couples (d,,, d,;) are considered. They are sym-
bolized d,,Rd,, and they are {OR0, -R—, +R+}. Symbol R
means “reverse vectors”. For geometrical reasons, —R+,
+R—-, OR+, +R0, -RO and OR- are impossible. FIG. 36
illustrates all situations. Stated 1n a general way, the babel of
the arc from node (p,, n;) to node (p,, n;) with 1<j 1s d,; Xd,
with d,=Sgn {p,-p,, n,) and X&E{A, S, R}.

The five point-vector couples of the exemplary solid are
illustrated 1n FIG. 37. This configuration 1s based on arbi-
trary vectors orientations. The associated labeled graph 1s as
represented in the table of FIG. 38.

Post-processing (e.g. that may occur oflline) 1s now
discussed. This post-processing amounts to editing the arc
orientations (and thus the labels) such that predetermined
criteria are respected. The post-processing may include
inverting vector(s) and/or arc(s), and changing label(s)
accordingly. This way, the orientations globally respect the
same convention, and morphology signatures may be com-
pared directly.

How labels may change upon vector inversion and/or arc
inversion 1s now discussed.

Because of geometrical coherence, the label in the
examples discussed above i1s not independent of the arc
orientation. Indeed, changing the onentation of an arc
requires reading the symbols of the label from right to lett.
The so-called “transposition” operation, noted Tr: L—=L, 1s

to update the label when 1ts arc orientation i1s reversed.
Formally, Tr(xXy)=yXx, for all X&{A, R, S} and all x.y,

={-,0, +}.

Switching the vector orientation of a node changes the
labels of 1ts incident arcs. It switches the leftmost symbol of
the label attached to an output arc. It switches the rightmost
symbol of the label attached to an input arc. It also changes
symbol O ito symbol R and vice-versa.

FIG. 39 1llustrate all label changes due to vector inver-
sion. FIG. 40 illustrates all label changes due to arc inver-
$101.

An example of graph post processing 1s now discussed.

Clearly, a given geometry gives birth to a graph the
labelling of which depends on the vectors’ orientations. In
order to make this labeling distinctive, the convention 1s to
adjust the vectors’ orientations in such a way that the
number of “-” symbols 1s as small as possible. This may be
done by 1teratively changing n, into —n, and checking that the
number of “-” symbols 1s decreasing. The iterations stop
when the decreasing 1s 1impossible.
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For all i€{1, ..., N} let M(i) be the number of right “~”
symbols 1n the 1-th column; let P,(1) be the number of right
“+” symbols 1n the 1-th column; let M, (1) be the number of
left “=” symbols 1n the 1-th row; let P,(1) be the number of
left = symbols 1n the 1-th row.

In terms of arcs and nodes, M (1) 1s the number of right
- symbols of output arcs from node 1; P,(1) 1s the number
of right “+” symbols of output arcs from node 1; M, (1) be the
number of left “~” symbols of mput arcs to node 1; P, (1) be
the number of left “-” symbols of mnput arcs to node 1.

Integer function b(1) 1s the balance function and 1s defined

by

&6

b(@):=Mg({)+ML())-Pr(i)-PL (i)

It 1s the number of “-"" symbols changed 1nto “+”” symbols
minus the number of “+” symbols changed into “-"" symbols
if vector n, was reversed. The algorithm ends when balance
b(1) 1s negative for all vectors n.,.

The algorithm may be as follows:

While exists i€{1, . . ., N} such that b(i)>0 do begin

Reverse vector n, and update line 1 and column 1.

End while

For example, according to the exemplary table, b(1)=0+
0-0-4=-4, b(2)=0+1-1-2==-2, b(3)=2+1-0-1=2, b(4)=3+
0-0-0=3 and b(5)=3+0-0-0=3.

FI1G. 41 1llustrates the resulting exemplary table featuring
the smallest number of “~” symbols. FIG. 42 1llustrates the
corresponding exemplary geometry. Notice that n,, n, and n.
are reversed.

Examples of graph comparison, that i1s morphology sig-
nature comparison, are now discussed.

The well-known earlier-mentioned concept of labeled
directed graph 1s now further discussed.

Graph comparison requires a special mathematical for-

malism. A labeled directed graph 1s a 6-tuple G=(X, U,

A W, tg, L) where X ~{(p,, n,), i=1, . . ., N} is the set
of nodes,
NN = 1)
Us={1.2, ... , —5—1

1s the set of arcs,

L={-A-,~A40,~A+04~,040,04+ +A4-,+40,+4+ 050,
S+,+5-,0R0,-R—,+R+}

1s the set of arcs’ labels, a: U.—=X . defines start nodes
of arcs, w.: Us,—>X_ defines end nodes of arcs and t:
U,.—FE associates a label to each arc.

Given a mput part, its graph signature 1s computed, and
the searching process 1s to find similar graph signatures in
the database. So, the core of the process 1s to compare the
graph signature of the mput part to a graph signature of the
database. The graph signature of the input part 1s noted
G=(Xs Ug 05 04 ts, L). The graph signature of the
database part 1s noted H=(X,,, U, 0., 0., t,, L). Notice
that the set L of labels 1s the same for both graphs.

The well-known concept of graph i1somorphism 1s now
discussed.

By definition, an 1somorphism between graphs G and H 1s
a couple of one-to-one mappings I X.—X,, and g:
U-—U,. Mapping 1 associates each node of graph G with
a node of graph H. Mapping g associates each arc of graph
G with an arc of graph H. In addition, mappings 1 and g are
such that, for all u€U ., either 1{(a.s(u))=0c.(g(u)) and (o
(u)=w(g()), as 1llustrated 1n FIG. 43, or f(az(0))=w (g
(1)) and f(w(u))=a(g(un)), as illustrated in FIG. 44.
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Label compatible graph 1somorphism 1s now discussed.

By definition, the 1somorphism 1, g 1s label-compatible 1f,
in addition, associated arcs have equivalent labels according
to arcs orientations. This 1s implemented by the following
Samelabel(u, v) function that uses the label transposition
described previously.

SameLabel(u, v)
If f{lasu)) = ag,(v) and f{wezu)) = W (v) then
If to(u) = ty{v) return “true”
Else if f{las(u)) = wy{v) and f{w(u)) = ax{v) then
If to(u) = Tr(ty(v)) return “true”
End if
Return “false”

The pseudo-code of Samelabel(u, v) function may also
be read as follows:

If the start node of arc u 1s mapped with the start node of arc
v and 11 the end node of arc u 1s mapped with the end node
of arc v then

If arcs u and v have the same label, return “true”

Else 11 the start node of arc u 1s mapped with the end node
of arc v and 11 the end node of arc u 1s mapped with the start
node of arc v then

I1 the label of arc u 1s the same as the transposed label of
arc v, return “‘true”

End if
Return “false”

An 1mplementation of a comparison algorithm 1s now
discussed.

The comparison algorithm of graphs G and H may be to
build a label-compatible 1somorphism between the two
graphs (1n other words, a 3D modeled object 1n the database
1s considered to respect the morphology criterion and
returned only 1f such a compatible isomorphism can be
built). It may require two working graphs respectively noted
A=(X,, U, o, o, and B=(X5, Uz, 05, wz). Graph A 1s a
sub-graph of graph G and graph B 1s a sub-graph of graph
H. They are imtialized with empty graphs. Function map(A,
a, B, b) used at step 03 below updates the 1somorphism and
checks the label-compatibility. It 1s detailed later. Nodes
additions at steps 04 and 05 below are detailed later. The
overall algorithm 1s as follows:

01
02
03

A=0
B=0
While exist a € X - X, and b € X - X5 such that map(A, a, B, b)
1s true do begin

Add node a to graph A

Add node b to graph B
End while
if A = G then

Return “match”
Else

Return “no match”
End if

04
05
06
07
0¥
09
10
11

Instruction “Add node a to graph A” at step 04 of the
previous algorithm 1s to add node a to the set of nodes X,
of graph A and to add to the set of arcs U , of graph A all arcs
of graph G joining node a to a node of X ,.

Instruction “Add node b to graph B” at step 05 of the
previous algorithm 1s to add node b to the set of nodes X,
of graph B and to add to the set of arcs U of graph B all arcs
of graph H joining node b to a node of X;.

The goal of function map(A, a, B, b) 1s to update the
isomorphism (1, g) between graph A plus node a and graph
B plus node b. This 1s done at steps 01 and 07 below by
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setting new values to mappings 1 and g. It also checks the
label-compatibility of the updated 1somorphism at step 06
below. Connections investigated at steps 02, 03 and 05
below do not take arcs orientations into account. Function
Samelabel(u, v) at step 06 compares labels of arcs u€U
and v&U,, according to arcs orientation, as previously
explained.

00 map(A, a, B, b)

01 fla) == b

02 For all node x € X ; connected to node a by an arc of U, do
begin

03 Let u € U be the arc connecting X and a

04 y = {(X)

05 Let v € Uy be the arc connecting v and b

06 If SameLabel(u, v) then

07 gu) =v

08 Else

09 Return “false”

10 End if

11 End for

12 Return “true”

FIG. 45 1llustrates the map(A, a, B, b) function environ-
ment.

While example embodiments have been particularly
shown and described, it will be understood by those skilled
in the art that various changes in form and details may be
made therein without departing from the scope of the
embodiments encompassed by the appended claims.

What 1s claimed 1s:

1. A computer-implemented method for querying a data-
base, the database comprising 3D modeled objects that each
represent a mechanical part, the database further comprising,
for each 3D modeled object, a respective morphology sig-
nature, the method comprising:

providing, to the database, a query that includes a mor-

phology criterion, the morphology criterion receirved
from a user via a computing device; and

returning, to the computing device, as results of the query,

respective 3D modeled objects of the database, a
respective 3D modeled object being returned based on
an extent to which the respective 3D modeled object
has a morphology signature that respects the morphol-
ogy criterion, the respective 3D modeled object having
a set of pairs of two walls, a wall of the respective 3D
modeled object being a pair of surface portions of the
respective 3D modeled object opposite one to the other
that represents a substantially regular slice-like portion
of material, the morphology signature comprising a set
of labels, the set of labels including, for each respective
pair of the set of pairs of two walls, a label represen-
tative of a relative orientation between the two walls of
the respective patr.

2. The method of claim 1, wherein the set of pairs of two
walls forms a set of walls, and the set of labels forms a clique
graph over the set of walls.

3. The method of claim 1, wherein each label of the
morphology signature 1s representative of a relative orien-
tation between at least substantially planar walls.

4. The method of claim 1, wherein each label of the
morphology signature i1s representative of a relative orien-
tation between thin walls.

5. The method of claim 1, wherein each label 1s deter-
mined within a predetermined finite set of labels.

6. The method of claim 5, wherein each wall 1s associated
to a respective node that includes a point and a respective
normal vector, the label representative of the relative orien-
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tation between a wall associated to a node (p,,n; ) and a wall
associated to a node (p,,n,) being defined according to at
least one of: a sign of a distance from p, to a plane defined
by (p,.n,), a sign of a distance from p, to a plane defined by
(p,,N,), a sign of a norm of normal vectors cross product, and
a sign of normal vectors scalar product.

7. A non-transitory data storage medium having recorded
thereon a database comprising:

3D modeled objects, the database comprising, for each 3D

modeled object, a respective morphology signature;
and

wherein the database 1s configured to return to a comput-

ing device, as results to a query from the computing
device including a morphology criterion, a given 3D
modeled object stored 1n the database, the given 3D
modeled object being returned based on an extent to
which the given 3D modeled object has a morphology
signature that respects the morphology criterion, the
given 3D modeled object having a set of pairs of two
walls, a wall of the given 3D modeled object being a
pair of surface portions of the given 3D modeled object
opposite one to the other that represents a substantially
regular slice-like portion of material, the morphology
signature comprising a set of labels, the set of labels
including, for each respective pair of the set of pairs of
two walls, a label representative of a relative orienta-
tion between the two walls of the respective patr.

8. The data storage medium according to claim 7, wherein
the set of pairs of two walls forms a set of walls, and the set
of labels forms a clique graph over the set of walls.

9. The data storage medium according to claim 7, wherein
cach label of the morphology signature is representative of
a relative orientation between at least substantially planar
walls.

10. The data storage medium according to claim 7,
wherein each label of the morphology signature 1s repre-
sentative of a relative orientation between thin walls.

11. The data storage medium according to claim 7,
wherein each label 1s determined within a predetermined
finite set of labels.

12. The data storage medium according to claim 11,
wherein each wall 1s associated to a respective node that
includes a point and a respective normal vector, the label
representative of the relative ornentation between a wall
associated to a node (p,.n,) and a wall associated to a node
(p,,n,) being defined according to at least one of: a sign of
a distance from p, to a plane defined by (p,,n,), a sign of a
distance from p, to a plane defined by (p,,n,), a sign of a
norm of normal vectors cross product, and a sign of normal
vectors scalar product.

13. A non-transitory data storage medium comprising:

a memory area having recorded thereon a computer

program; and

the computer program comprising instructions {for

responding to a query that includes a morphology
criterion, and for performing a processing of data
relative to a database, the database comprising 3D
modeled objects that each represent a mechanical part,
the database further comprising, for each 3D modeled
object, a respective morphology signature, wherein
responding to the query includes:
returning to a computing device, as results to the query,
a given 3D modeled object stored in the database, the
given 3D modeled object being returned based on an
extent to which the given 3D modeled object has a
morphology signature that respects the morphology
criterion, the given 3D modeled object having a set
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of pairs of two walls, a wall of the given 3D modeled
object being a pair of surface portions of the given
3D modeled object opposite one to the other that
represents a substantially regular slice-like portion of
material, the morphology signature comprising a set s
ol labels, the set of labels including, for each respec-
tive pair of the set of pairs of two walls, a label
representative of a relative orientation between the
two walls of the respective patr.

14. The data storage medium of claim 13, wherein the

processing ol data relative to the database comprises con- 10
structing the database.
15. The data storage medium of claim 14, wherein the
constructing of the database comprises:
providing the modeled objects;
determining, for each 3D modeled object, the respective 13
morphology signature of the 3D modeled object; and
storing a relation between each 3D modeled object and 1ts
respective morphology signature.
16. A system comprising: .

a processor coupled to a memory;

the memory having recorded thereon a computer program
comprising instructions for performing querying of a
database, the database comprising 3D modeled objects
that each represent a mechanical part; and

24

the database further comprising, for each 3D modeled

ob’

ect, a respective morphology signature, the mstruc-

tions performing querying of the database by:
providing a query that includes a morphology criterion,

the morphology criterion being received from a user
via a computing device; and

returning, to the computing device, as results of the

query, respective 3D modeled objects of the data-
base, a respective 3D modeled object being returned
based on an extent to which the respective 3D
modeled object has a morphology signature that
respects the morphology criterion, the respective 3D
modeled object having a set of pairs of two walls, a
wall of the respective 3D modeled object being a pair
of surface portions of the respective 3D modeled
object opposite one to the other that represents a
substantially regular slice-like portion of material,
the morphology signature comprising a set of labels,
the set of labels including, for each respective pair of
the set of pairs of two walls, a label representative of

a relative orientation between the two walls of the
respective pair.
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